Objectives: To study the influence of geometric factors upon the function of modified Blalock-Taussig anastomoses (mBT) using a computational dynamic code based upon the method of finite elements. Methods: The mBT operation, performed in 10 patients, was graphically reconstructed to create a parametric 3dimensional geometric model. Using Streamline Upwind/ Petrov-Galerkin approximations, blood flow and distribution were evaluated in different diameters of subclavian arteries and polytetrafluoroethylene grafts (PTFE) and angles of proximal anastomoses. Results: The percentage of blood flow derived through the PTFE grows as its diameter increases in relation to subclavian artery diameter. Variations in the PTFE diameter do not interfere with pulmonary artery flow distribution. An angle of 110 o in proximal anastomoses results in a high percentage of blood derivation to the graft, while angles of 30 o , 60 o and 90 o present with almost similar flow rates. However, angles of 30 o and 110 o produce an excessive flow to one of the pulmonary arteries, in detriment of the other. Peak pressure in the PTFE is affected by the proximal angle of anastomosis, with 30 o resulting in higher and 110 o in lower values. As the angle increases, the region of higher pressure shifts from the PTFE to subclavian artery. Conclusion: In the experimental model, percentage of flow derived in the PTFE is directly related to the diameter of the graft. The ratio between the diameters of subclavian artery and graft is an important regulator of flow deviation to the anastomosis. Angles of the anastomosis between the subclavian artery and the PTFE of 60 o to 90 o result in favorable pulmonary artery flow distribution and the location of the peak pressure. Bras Cir Cardiovasc 2003; 18(3): 253-260 
INTRODUCTION
Computer dynamics of fluids are utilized to simulate blood flow with the aim of assisting in research on the treatment of vascular disease [1] . The investigation has collaborated in the understanding of the hemodynamics of the human circulatory system, in the projection of new vascular prostheses and valves and in the perfection of surgical techniques. The simulations of blood flow are concentrated on arteries with bifurcations, branches and bends, in which there is an increased incidence of disease such as arteriosclerosis, aneurysms and thrombosis [2, 3, 4] . There have been more studies of the carotid, abdominal aorta and anastomosis of vascular grafts in the femoral artery [1, 4, 5, 6] .
A surgical technique used to increase the pulmonary flow in patients with pulmonary blood hypoflow due to congenital heart disease is the interposition of a tubular graft of polytetrafluoroethylene (PTFE) between subclavian and pulmonary arteries. The procedure, known as the modified Blalock-Taussig shunt (mBT ) [7] , allows redirection of part of the systemic blood flow to the pulmonary arteries, with a consequent clinical improvement and better survival of the patients, as was observed in the original procedure [8, 9] . The satisfactory result depends on the increase of pulmonary blood flow and thus, on the dynamics of the flow in the graft and pulmonary arteries, and is directly related to geometric factors recognized during surgery, such as diameters and length of the arteries and the angles of anastomoses [10, 11] . A greater comprehension of the relationships between these factors might improve the surgical technique and therefore improve the immediate and late results [12] .
In this work we evaluated the influence of different configurations of structures involved in the mBT shunt on the blood flow, utilizing a 3-dimensional parameterized geometric model obtained from surgical procedures and capable of simulating different operative configurations.
METHODS

Patients and medical conduct
Ten patients with congenital heart disease and pulmonary hypoflow who were submitted to mBT-type systemic-pulmonary shunt surgeries in the cardiology Institute of Rio Grande do Sul / Fundação Universitária de Cardiologia, Brazil, from March to July 2001 were included in this study. Their characteristics are described in Table 1 .
Indication for mBT surgery conformed to the criteria of: congenital disease, option of the pediatric cardiologist, clinical condition of the patient and individual preference of the surgeon. The patient was included only if the guardian gave written consent and the Institution's Research Ethics Committee approved the study.
Medical procedures, including preoperative preparation when a color doppler echocardiographic examination was made and the trans-operative and postoperative procedures have been previously described [13] . When performing the mBT-type anastomosis an attempt was made to utilize PTFE grafts of equal sizes or greater than 4 mm (Table 1) . On finishing the procedure, the surgeon or the first assistant, made a detailed design of the procedure utilized as basis for the development of the computerized model. The parameters obtained from the patients were the diameters and lengths of the PTFE graft, the subclavian artery and the left SANT'ANNA, JRM ET AL -Computer dynamics to evaluate blood flow through the modified Blalock-Taussig shunt
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Resumo Objetivo: Dinâmica computacional foi utilizada para avaliar a influência de fatores geométricos no funcionamento de modelo da cirurgia de Blalock-Taussig modificada (BTm), ou interposição de enxerto de politetrafluoretileno (PTFE) entre as artérias subclávia e pulmonar.
Método: A cirurgia de BTm, realizada em 10 pacientes, serviu para compor modelo geométrico tridimensional parametrizado, avaliado quanto a diferentes diâmetros de artéria subclávia e PTFE e ângulo proximal da anastomose. pulmonary artery as well as the proximal and distal angles of the anastomosis of the PTFE graft in the arteries. All the patients evolved satisfactorily and hospital release occurred between the 7th and the 12th postoperative days.
Foi empregado o código de dinâmica computacional FLOTRAN baseado no método de elementos finitos conhecido como "Streamline
Construction of the model
A 3-dimensional parameterized geometric model was developed using the measurements obtained in each surgical procedure. The lengths of the arteries and the PTFE graft were determined from surgical observation, from measurements of the pre-operative echocardiographic examination and from results obtained from pulsating simulations. With the objective of measuring the influence of geometric determinants (the diameter of the vessels and graft, the length of the graft and angle of the anastomosis), simulations in a permanent regime were performed modifying these parameters.
Computational aspects
The simulations were performed in the Applied Fluid Mechanics and Computational Laboratory of the Federal University of Rio Grande do Sul and the National Center of Supercomputation (LAMAC). The computational resources utilized in the numeric simulations were a "Silicon Graphics ORIGIN 200 Workgroup server" -with 2 CPUs and 256 Mb of RAM memory and 4 "Silicon Graphics Octane Workstations" -with 2 CPUs and 128 Mb RAM memory in each machine.
The code of computational fluid dynamics Flotran (Ansys Inc.) was used. The stabilization method of finite elements for advection diffusion problems was adopted baptized as "Streamline Upwind/Petrov-Galerkin"(SUPG) [14] [15] [16] [17] [18] . To represent the dominion of integration, the 3-line hexaedric element with 8 nodes was utilized, employing the classical interpolation functions to expand the components of quality of movement and pressure. The elements are denominated as Lagrangean, as functions of shape are formed from the products of Lagrange polynoms (3-linear base functions are products of the unidirectional linear base functions). The scientific visualization program Ensight was utilized to perform the post-processing.
The profile of entry velocity in the subclavian artery was considered uniform in all the simulations in permanent regime. The blood was considered as a Newtonian fluid and the arteries were considered rigid. The condition of pulsating flow in the subclavian artery was obtained from the color Doppler examination performed on a patient previously submitted to the mBT procedure. Circuit conditions defined by Migliavacca et al. [19] in previous studies were utilized in the developed models for a comparative study but they were not included in this study.
It was necessary to determine the optimal lengths of the subclavian artery (L subclavian = 152 mm) and the pulmonary artery (L pulmonary = 40 mm) to be modeled, as seen in Figure 1 . For this, the numerical results were compared with the measurements obtained in the aforementioned color Doppler echocardiographic studies.
The employed code solved the system of equations in a segregated manner, suggesting the necessity of links between the variables, specifically between velocity and ANT'ANNA, JRM ET AL -Computer dynamics to evaluate blood flow through the modified Blalock-Taussig shunt pressure in incomprehensible flows. The method baptized as SIMPLE ("Semi Implicit Linked Equations") of Patankar & Spalding 1972, was utilized to identify this link. The solution of the system of algebraic equations was obtained utilizing the TDMA line-to-line method ("TriDiagonal Matrix Algorithm") [20] .
Results obtained from the analyzed models in respect to the distribution and velocity of the flow are expressed as mean values.
RESULTS
Flow diverted by the graft
It is confirmed that the greater the diameter of the graft the greater is the blood flow diverted to the lungs, as can be seen in figure 2 . For any length of the PTFE grafts, the distribution of flow to the pulmonary branches remains constant. It can be seen that the increased blood flow in the graft as its diameter increases is independent of the relationships of the diameters of the subclavian artery and the graft, as is illustrated in figure 3 .
The angle of anastomosis also has a significant influence of the percentage flow diverted by the graft. The percentage of blood diverted by the graft and pulmonary arteries, relative to the angle of anastomosis is expressed in Figure 4 . It is worth mentioning that among the angles of 30º, 60º and 90º the difference in the percentage of flow which passes through the graft is little changed; for the angle of 110º the flow is greater. However, the distribution of flow by the pulmonary arteries is more uniform at 60º and 90º and it is excessively favored by one or other pulmonary artery at the angles of 30º and 110º. To illustrate the influence of the proximal anastomosis on directed flow to each lung we present in Figure 5 the axial velocity profile at the right and left pulmonary artery outflow tracts of the simulation. It can be seen that for a proximal angle of an anastomosis of 60º the velocity profiles in the pulmonary arteries are practically equal, resulting in a similar blood flow to each of the lungs. A proximal angle of 90º results in very similar profiles. But an anastomosis with an angle of 30º presents a profile with a higher velocity in the right pulmonary artery and lower in the left, whilst in procedures with angles of 110º the opposite occurs. Figure 6 presents the velocity profiles along the subclavian artery, the PTFE graft and the pulmonary arteries. Notice that the profile in the subclavian artery tends to become parabolic, although it is not totally developed.
Local analysis of the velocity and pressure fields
There is an influence of the variations of the subclavian artery diameter on the pressure coefficient, as while the section of the subclavian artery is constant, the variation of pressure within it, is close to being linear. This does not occur in variable sections. The near-linear behavior might be justified by "perturbation" to the flow of the subclavian artery caused by the interposition of a tubular graft, diverting part of its flow. There is a very abrupt pressure drop in the region of the anastomosis and after this region there is recovery of the pressure thus creating an adverse pressure gradient, which is a necessary condition for dislocation to occur. In Figure 7 , it is possible to verify that the pressure drop is practically the same for the different angles of the proximal anastomosis and for different diameters of the PTFE graft, and it is located at the same point of the subclavian artery.
The pressure variations along the PTFE graft vary according to the angle of the anastomosis, as is evidenced in Figure 8 . It was observed that for an angle of 30º there is a greater pressure at the proximal anastomosis, which reduces after; with an angle of 110º the pressure along all the route of the graft is low, defining a better flow.
The diameter of the graft, as can be seen in Figure 9 Fig. 9 -Behavior of the flow in the graft and pulmonary artery according to the diameter of the PTFE graft. Note that the recirculation region in the graft increases as the diameter of the graft increases note that the pressure increases as the diameter of the graft reduces. Nevertheless, the position of the maximum pressure in the graft does not change as the diameter changes. Figure 10 presents the lines of current for the anastomosis with angles of 30º and 90º. Notice by the proximal anastomosis, the existence of a region of low velocity with recirculation. The angle of the anastomosis has an influence on the behavior of the flow in this region, which is more favorable at lower angles.
The occurrence of recirculation in the simulated flows can be studied on graphs of velocity profiles. Note in Figure  11 that the recirculation is little affected with variations in the angle of anastomosis, but suffers influence from the length of the PTFE graft, which is increased by its diameter. 
DISCUSSION
The geometric complexity, the pulsating nature of flow, the non-Newtonian rheology of the blood and the anisotropic, viscoelastic and non-linear mechanical properties of the arteries are the principal characteristics of the human vascular system which makes its simulation extremely complex to study.
Cole et al. simulated the flow at the bifurcation of the carotid artery, considering the blood as a Newtonian fluid, in a rigid 3-dimensional model, applying the regimes of static flow and subsequently pulsation, utilizing the commercial codes RAMPANT and FLUENT [3] . The results of the performed simulations confirmed the importance of the use of pulsating regimes in arterial blood flow.
Zhao et al. utilized magnetic resonance images of the carotid artery bifurcation to create a computational model with a true vascular anatomy [6] . To perform analyses linking the hemodynamic and mechanical aspects on the arterial wall, the fluid dynamics code CFX4 and the structural mechanics code ABAQUS were employed. The circuit conditions, pressure in the main carotid and the mass flow in the inferior and exterior carotids, were obtained from Doppler echocardiographic examinations. The blood was considered as a Newtonian fluid. The wall thickness of the artery is around 8-10% of the diameter of the vessel and it was assumed to have linear elastic properties. The flows were performed in a rigid model and another dilatable and a quantitative influence on the movement of the artery wall was verified.
PERKTOLD et al. utilized the finite element method of Galerkin to study the blood flow in a pulsating regime at the bifurcation of the left anterior descending coronary artery [21] . The blood was assumed to be a Newtonian fluid, the vessel walls were considered rigid and the conditions of entry were obtained from measurements using Doppler laser. The 3-dimensional geometric model is considered to be very realistic by the authors, characterized by irregularities and flow resistance of the studied artery. COLE et al. studied the effects of geometric factors in anastomoses performed on the femoral artery [5] . The static and pulsating regimes were applied to a 3-dimensional model, the artery and the graft were assumed to be rigid and the Power Law model was utilized to specify the viscosity of the non-Newtonian flow. The study was motivated by post-surgical complications that occur in this type of procedure; such as the appearance of hyperplasias in the region of the anastomosis.
The advantages of the finite element method is basically due to its high flexibility, which enables us to relatively easily deal with: 1. complicated geometry; 2. generic circuit conditions; 3. materials with non-linear responses and/or with variable properties. It also favors systematization in the development of computational codes. Finally we can highlight the most important advantage of the method: it has a solid mathematical basis, which gives reliability in respect to its codes and, in many problems, makes it possible to establish a priori estimation for the error involved in the approximation of finite elements [22] . On the other hand, if compared with the finite difference method, this flexibility is accompanied with an increase of complexity of programming and a greater quantity of computational memory. The most common finite element method is the one known as the Galerkin Method, which has been applied in the last decades to a vast variety of problems. In this work the finite element stabilized method called "Streamline Upwind/Petrov-Galerkin" (SUPG) was adopted for the problem of advection-diffusion [15] [16] [17] [18] .
From numeric simulations, it was possible to obtain correlations between the flow deviated by the graft and its diameter, in the range of 4 mm to 6 mm. We can observe that the percentage of flow redirected is greater as the diameter of the graft increases in relation to the subclavian artery. This work confirmed the percentage of flow deviated by the graft as was predicted by Migliavacca et al., which is between 70 and 80% for newborn babies [23] .
It was also observed that the angle of proximal anastomosis has a direct influence on the quantity of flow diverted by the graft. This influence starts small for angles between 30º and 60º, situations which correspond to approximately 80% of our sample. Proximal anastomoses with angles of 110º present a greater percentage of deviated flow. This angle, however, has the drawback of excessively increasing the blood flow which reaches the left lung, prejudicing the flow supplied to the right lung. The optimal angle for the proximal anastomosis would be that by which the flow supplied to the two lungs is approximately equal. The simulations performed, indicate that this optimal value, in the majority of the sample group, is between 60º and 90º.
In relation to the distribution and pressure in the graft, the results signal that the location of the pressure peak varies according to the angle of the anastomosis adopted, with an angle of 30º presenting with the highest pressure peak in the implanted graft. As the angle of the anastomosis increases, the highest-pressure region tends to move from the graft to the subclavian artery. This modification might favor thrombosis in the graft due to sanguineous stasis.
As was predicted, the diameter of the graft is the main regulator of the percentage of redirected flow. The greater the diameter, the greater the flow through the graft. But the pressure distribution in the graft is not altered qualitatively by variations in its diameter, with its alterations basically of a quantitative nature.
The study indicates that the utilization of PTFE grafts with diameters greater than that of the subclavian artery are preferable in small children, as they determine a greater redirection of blood to the lungs and because they can maintain this adequate flow with the growth of the patient. The implantation should be at an angle of 60º to 90º in relation to the subclavian artery, aiming to improve the flow pattern and its adequate distribution between the pulmonary arteries. These observations originate from a computerized study and, although supported in publications, they should be proven in clinical trials of operated patients.
